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ABSTRACT
Alternative foldings are an inherent property of RNA
and aubiquitous problem inscientific investigations.
To a living organism, alternative foldings can be a
blessing or a problem, and so nature has found
both, ways to harness this property and ways to
avoid the drawbacks. A simple and effective method
employed by nature to avoid unwanted folding is
the modulation of conformation space through
post-transcriptionalbasemodification.Modifiednuc-
leotides occur in almost all classes of natural RNAs
in great chemical diversity. There are about 100 dif-
ferent base modifications known, which may per-
form a plethora of functions. The presumably most
ancient and simple nucleotide modifications, such
as methylations and uridine isomerization, are able
to perform structural tasks on the most basic level,
namely by blocking or reinforcing single base-pairs
or even single hydrogen bonds in RNA. In this paper,
functional,genomicandstructuralevidenceoncases
of folding space alteration by post-transcriptional
modifications in native RNA are reviewed.
INTRODUCTION
RNA consists of four major and a number of minor bases,
the latter being generated post-transcriptionally by chemical
modiﬁcation of the four major ones, or in exceptional cases, by
base replacement (1). The four major bases dispose of a
matched set of hydrogen bond acceptors and donors, enabling
the mutual complementary recognition in Watson–Crick pairs
which are known as the basis of the genetic code. These
interactions are quite strong and govern RNA folding in such
a predominant and predictable way, that the pattern of
Watson–Crick base pairs is perceived as a structural level
in its own right and thus named secondary structure. RNA
also undergoes interactions through hydrogen bonds on their
so called Hoogsteen and sugar edges, giving rise to sophist-
icated 3D structures, referred to as tertiary structure (2,3). The
combination of a low diversity of elemental units and the high
strength of interaction makes it difﬁcult for a given sequence
to specify a unique secondary and tertiary structure. These
circumstances are also known as ‘the RNA folding problem’,
since they result in a multitude of alternative conformations
of similar energy for almost any given RNA sequence. The
ensemble of possible foldings of a given RNA is referred to as
its folding space (4) or conformation space (5,6), even though
the exact meaning of these terms in the literature differs
depending on the authors. For the purpose of this review,
the terms folding and folding space will be applied to issues
of secondary, tertiary or global three-dimensional structure,
thus not comprising local changes in the 3D structure without
changes in base pairing.
In comparison with proteins, RNA displays a paucity
of primary sequence information which may be partially
remedied by post-transcriptional introduction of nucleotide
modiﬁcations. Modiﬁed nucleotides perform a large number
of functions (7,8), some of which are yet to be discovered.
One particular function of modiﬁed nucleotides, namely the
stabilization of functional RNA structures, is the object of
this review. In the majority of the investigated cases, unmodi-
ﬁed RNA would fold into a secondary and tertiary structure
closely resembling that of the fully modiﬁed RNA. In those
cases, the stabilizing effect of nucleotide modiﬁcation mostly
results in augmented thermal stability and reduced dynamics.
Under certain circumstances, however, the presence of one
or several modiﬁed nucleotides can induce an alternative fold-
ing, often comprising signiﬁcant alterations in the secondary
structure.
Since all function is mediated by structure on some level,
a clean differentiation between functional and structural
modiﬁcations is not possible, especially considering the
numerous interactions with other molecules encountered,
e.g. by tRNA. However, for the purpose of this review, modi-
ﬁcations that have been shown to affect molecular interaction
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functional, while those for which structural changes extending
beyond the local conformation have been described will be
addressed as structural (vide infra). Note that this differenti-
ation is necessarily incomplete and does not preclude a
placement of a modiﬁcation in both categories.
Alternative foldings
The laws of thermodynamics dictate that at ambient or body
temperature several alternative structures of a given RNA
sequence must coexist in signiﬁcant proportions, provided
the difference in their Gibbs free energies is small enough
and a thermodynamic equilibrium is achieved. The propor-
tions of two given foldings are determined according to their
difference in free Gibbs energy: DDG ¼ R T ln (K), where
DDG is the difference in free Gibbs energies of both confor-
mations, R is the universal gas constant, T is the absolute
temperature in Kelvin, and K is the ratio of both conforma-
tions. If no equilibrium is achieved on a biologically signi-
ﬁcant timescale, at least one of the RNA conformations can be
regarded as kinetically trapped and may therefore be called
metastable (9,10). The trapping of metastable structures in
kinetically stabilized minima might conceivably be prevented
by RNA chaperones. By analogy to protein chaperones, RNA
chaperones would be expected to interact with the RNA
co-transcriptionally, to prevent misfolding in the ﬁrst place.
However, RNA polymerase produces RNA chains faster than
the ribosome produces protein chains (11,12) and models
for RNA chaperone activities are discussed to act on fully
synthesized misfolded RNAs, rather than on nascent polymer
chains (9,13). Excitingly though, in the rapidly evolving
ﬁeld of RNA switches, there are indications that small
molecules might interact co-transcriptionally with RNA,
thereby directing its folding pathway in a chaperon-like
manner (14). RNA switches are structural RNAs with two
alternative structures, one of which can be induced to prevail
upon binding of a small molecule. Most reported RNA
switches are regulatory elements in mRNAs which interact
with metabolites related to the enzymatic activity of the pro-
teins encoded in the respective mRNA (15,16). The concen-
tration of metabolic ligands in a biological environment may
thus have a drastic effect on the prevailing structure and cor-
responding function of an RNA. While it is unambiguous
that small molecules do interact strongly with RNA switches
to inﬂuence their conformation for regulatory purposes, recent
evidence points to this inﬂuence being exerted through
kinetic rather than thermodynamic control of the resulting
conformation (14,17).Interestinglyenough, different metabol-
ites involved in nucleotide modiﬁcation appear to be regulated
by riboswitches (17,18). It is also noteworthy that a regulatory
function of a post-transcriptional modiﬁcation in a eukaryotic
RNA has been reported (19).
The coexistence of several alternative structures of an RNA
might conceivably present drawbacks to an organism, if
only one of the structures has the desired biological activity.
If, however, that activity has to be regulated, stabilization of
either structure is a possible, and, importantly, simple regula-
tion mechanism.
A number of recent papers suggest or directly report
stabilization of a functionally relevant conformation by
post-transcriptional nucleotide modiﬁcation (20). Several
such cases concern tRNAs (20–23), but a case of conforma-
tional ﬁxation by base modiﬁcation has also been suggested in
ribosomal RNA (24). In at least one case, it could be shown
that regulation of the steady state level of RNA can be
achieved through modulation of modiﬁcation activity (20).
In what follows, these cases will be reviewed, bearing in
mind a general scenario for regulation of RNA expression
through nucleotide modiﬁcation.
Impact of nucleotide modifications on local structure
From a biosynthetic point of view, the roughly 100 known
different RNA nucleotide modiﬁcations can be easily divided
according to their complexity (1,25). There are simple chem-
ical transformations, such as addition of a methyl group or
bondisomerizationofuridine toyieldpseudouridine,andthere
are more complex multistep transformations involving the
action of several enzymes in a deﬁned order. The synthesis
of dihydrouridine in a redox reaction from uridine may hold
something like a middle ground. The chemically simple modi-
ﬁcations are, not surprisingly, also those which are wider
spread. Not only are they found in many if not all classes
and types of RNAs, but also in all kingdoms and probably
in all species. Arguably, they may be the most ancient of
nucleotide modiﬁcations and their modes of action relatively
simple.
Since a detailed discussion of the electronic and steric
effects of nucleoside modiﬁcations on base stacking, base
pairing and sugar pucker is given by Davis (26), only a few
effects are mentioned here. The stabilizing effect of iso-
merization of uridine to pseudouridine (Y) has been suggested
to arise from improved stacking (27,28) or from the additional
hydrogenbonddonorthatpseudouridinehastooffercompared
to uridine (29). Although inspection of tRNA crystal structures
revealed no direct involvement of the N1-H of Y in hydrogen
bonds with other nucleotides, electron density suggesting a
Y-coordinated water molecule, as well as molecular dynamics
simulations indicate an improved deﬁnition of the hydration
sphere around this site. Thus, the N1-H of Y may form a
bridge with adjacent phosphate residues, mediated by a stably
coordinated water molecule (29–32). Methyl groups, such as
in m
5C, m
1Y and T, increase base-stacking due to their hydro-
phobicity and because they augment the polarizability (27,33).
Methyl groups may also induce structural changes by increas-
ing steric encumbrance (34), or by blocking hydrogen bonds,
e.g. at Watson–Crick positions (21,35,36). The ability of
modiﬁed bases to affect hybridization has successfully been
used in microarray hybridization screens for the detection of
modiﬁed nucleotides (37). Methylations at the 20-OH favour a
30endo-conformationoftheribose(26),blocksugaredge inter-
actions and change the hydration sphere around the oxygen
(31,32). They also increase stability against hydrolysis by
bases and nucleases. Modiﬁcations may also change the
acceptor/donor pattern of the base, e.g. in m
3C. The formation
of m
1A simultaneously blocks a Watson–Crick position in
the adenosine and introduces a positive charge to the nucle-
oside (35,38). Such positive charge, which has also been
observed in m
7G (38), modulates the electron density in
the aromatic purine system and thus inﬂuences the strength
of hydrogen bonds. It may conceivably promote ionic
722 Nucleic Acids Research, 2006, Vol. 34, No. 2interactions with the negatively charged phosphates in the
backbone. Reduction of uridine to dihydrouridine has been
found to change the sugar pucker (33). Structural changes
induced by modiﬁcations may be compounded through the
creation of additional binding pockets, e.g. for magnesium
ions, which in turn may enhance stability of the new structure
(33,39).
Transfer RNA is a treasure chest of information
Most knowledge on modiﬁed nucleotides comes from studies
of tRNA. Historically, tRNAs were the ﬁrst ‘small’ RNAs
discovered, and their function as translator molecules sustains
a high level of continued scientiﬁc interest. The effect of
nucleotide modiﬁcation on RNA structure was studied with
a variety of biophysical and biochemical methods including
NMR, UV-melting curves, structural probing and X-ray crys-
tallography. In tRNAs, which are among the most strongly
modiﬁed RNAs, most nucleotide modiﬁcation sites are clus-
tered in two sites, one in the structural core of the L-shaped 3D
structure and one in the anticodon domain (40).
Truncated anticodon-stem–loops (ASLs or ACSLs), which
usually comprise the 5 bp of the anticodon stem and 7 nt of
theanticodon loop, are readily accessible through solid phase
synthesis and their small size facilitates assignment of NMR
signals. Studies on ASLs have demonstrated important altera-
tions of the anticodon loop structure induced by nucleotide
modiﬁcation, which in turn entail diverse functional effects.
As there appears to be no direct evidence of structural cross-
talk that would translate modiﬁcation-induced structural
changes from the tRNA core to the anticodon or vice versa,
the structure of ASLs is generally assumed to be very similar
to that of the corresponding region of the respective full
length tRNAs. This has been validated by comparison of
NMR structures of ASLs with the X-ray structures of full
size tRNAs (6,41–43). Further validation for the use of
ASLs as model systems comes from their activity in ribosome
binding assays (44).
Studies of Y39 in ASLs have signiﬁcantly contributed to
the understanding of the role of Y in RNA structure (27,28).
NMR studies of several modiﬁcation isoforms of the yeast
tRNA
Phe ASL included incorporation of Y39 in one case
(27), and of Cm32, Gm34 m
5C40, and m
1G37, the natural
precursor of the hypermodiﬁed wybutosine base found at posi-
tion 37 of the fully matured native tRNA (6) (Figure 1A).
NMR studies on an ASL of Escherichia coli tRNA
Phe revealed
a hairpin structure including 7 bp and a three base loop.
The expected ASL structure including a 7 base loop with a
typical U-turn was only discovered after enzymatic introduc-
tion of i
6A37 (45,46) (Figure 1B). Thus, modiﬁcation of A37
to i
6A37 is responsible for a change in secondary structure,
while leaving the hydrogen bond capacity pattern of A37
unchanged. The thermodynamic effects of the i
6A and similar
modiﬁcations have also been studied after chemical modiﬁca-
tion of a non-natural precursor, which had been incorporated
into the RNA by solid phase synthesis (34,47). The ASL of
the tRNA
Lys(NUU) isoacceptor (Figure 1C) has been the object
of several studies (28,42,44,48–50), employing different
combinations of Y39, s
2U34, mnm
5s
2U34 (in E.coli)
mcm
5U34 or mcm
5s
2U34 (in human), t
6A37 or ms
2t
6A37.
The hypermodiﬁcations at positions 34 and 37 are of special
interest since they were reported to play major roles in
aminoacylation identity [references in (51)], codon recogni-
tion, frameshifting (52–54) misreading (55), and the annealing
process of the human tRNA
Lys
3 to the HIV RNA genome as a
primer for reverse transcription (56,57). It is noteworthy
that these modiﬁcations, which, according to the above def-
inition, fall into the functional category, appear to confer the
classical U-turn structure to anticodon loop, whose structure
otherwise suffers from weak stacking of the four subsequent
uridines (41,49). Anticodon loop nucleotide modiﬁcations and
hypermodiﬁcations and their functions have been expertly
reviewed by several authors (52,58). The particular import-
ance of modiﬁcations in positions 34 and 37 is underscored by
the fact that the major fraction of the chemically diversiﬁed
‘zoo’ of about 100 nt modiﬁcations is found there (7,25,58).
In stark contrast, the vast majority of modiﬁcations found
in the core are of the biosynthetically simple type (methylated
nucleotides, pseudouridines and dihydrouridines). A large
body of data suggests primarily structural roles for these
simple modiﬁcations. Structural investigations were applied
mostly to full-length molecules as opposed to truncated
molecules, such as ASLs. While avoiding possible artifacts
arising from truncation, this advantage is partially offset by
experimental problems of synthetic and analytical nature.
Assignment of NMR signals and the subsequent model build-
ing is more complicated for 76mer-tRNAs than for 17mer-
ASLs. Also, the solid-phase synthesis of a full-length tRNA
has only recently been reported (59), and limitations in yield
Figure1.Anticodonstemloops(ASLs)ofwellstudiedclassicaltRNAs.(A)YeasttRNA
Pheincludingm
1G37,thenaturalprecursorofthehypermodifiedwybutosine
basefoundatposition37ofthefullymaturednativetRNA(compareFigure2).(B)E.colitRNA
PheASLmodificationisoforms.TheunmodifiedASLdisplays(left)a
hairpinstructurewithasmallloopofthreenucleotidesandtwoextrabasepairsU32-A38andU33-A37.Introductionofi
6Aassolenucleotidemodificationleadstwo
theformationoftheclassicalASL-stemloopstructureincludingaU-turn(middle).AnASLcorrespondingtothatofthenativetRNA
PhewouldincludeY32,Y39and
ms
2i
6Amodification(right).(C) tRNA
Lys(NUU) fromE.coli containsmnms
2U(x¼ m) andt6A,whilethe tRNAfromhumancytosolcontains mcms
2U(x¼ c) and
ms2t6A.The human mitochondrial tRNA
Lys has a similar stem and an identical loop sequence (compare Figure 5) and contains tm
5U( x¼ t).
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partially modiﬁed tRNAs a challenge.
Early work, conducted by comparison of tRNA from wild-
type and mutant strains lacking certain modiﬁcation activities
(60), was severely limited by the availability of the respective
mutant strains. Therefore, the introduction by Uhlenbeck of
in vitro transcription with T7-RNA polymerase as the standard
method to produce tRNA transcripts was a milestone (61).
This technique produced a large number of studies in which
unmodiﬁed transcripts were compared to native tRNAs isol-
ated from living cells. These studies showed some common
features of the ensemble of base modiﬁcation. First
A
B
C
Figure 2. (A)SecondarystructureofyeasttRNA
Phe.Modifiednucleotidesareinbold.Tertiaryinteractionsareindicatedbydottedlines.(B)Generalarchitectureof
classicalelongatortRNAs.Onthecloverleafstructureontheleft,conservedresiduesimportantforelementsoftertiarystructureareindicated.Rstandsforconserved
purineresiduesandYstandsforconservedpyrimidineresidues.Frequentlymodifiedpositions[>25%;accordingtoreference(121)]intheanticodonarehighlighted
by circles. Frequently modified positions elsewhere in the tRNA are boxed. Tertiary interactions are indicated by dotted lines. In the representation on the right,
acceptor andanticodondomainsare arrangedin an L-shapeaccordingto the 3D structure.(C) Reinforcement hypothesis.Onthe left, the unmodifiedtRNAformsa
stable acceptor domainand a loosely structured anticodondomain (weak interactions are symbolized by grey dotted lines). Class I modification enzymes act on the
acceptordomainandintroducemodificationslikeT54,Y55,m
1A58,m
5C48,m
5C49and/orothers,asindicatedbyarrows.ThesemodificationsstabilizetheT-loop
structureand reinforcetertiaryinteractionswiththe D-loop.Theformerlyloosestructureofthe anticodondomainis thusbetter defined(symbolizedby black lines)
and now allows better substrate recognition by other modification enzymes.
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Phe from yeast (Figure 2A), lower
conformational ﬂexibility, improved thermal stability and
improved aminoacylation parameters were illustrated as the
paramount advantages that come with being modiﬁed. Inter-
estingly, these effects seemed to be mediated by increased
magnesium binding afﬁnity in the modiﬁed tRNA, and the
lack of modiﬁcation in in vitro transcripts could be com-
pensated by an increased concentration of magnesium ions
(61–63). Similar observations were made for other classical
tRNAs such as tRNA
Val (64–68), tRNA
Phe (69) and tRNA
Gln
(30) from E.coli, and for yeast tRNA
Asp (70). In general, at
high concentrations of magnesium ions transcripts behaved
very similar to native tRNA, but differences were clearly
observed at low concentrations. As one important con-
sequence, the majority of functional studies, especially in
vitro aminoacylation, are still performed at magnesium ion
concentrations an order of magnitude above physiological
value [references in (51)]. In some cases, at low magnesium
ion concentrations misfolding was observed as a consequence
of a lack of modiﬁcation.
Promotion of correct tRNA folding by nucleotide modiﬁ-
cation may occur either through direct reinforcement of struc-
tural features or through facilitation of magnesium ion
binding. While the latter mechanism is in agreement with a
number of reports [detailed discussion is given by Agris (33)],
exceptions are reported (69). Similarly, while restrictions
of conformational dynamics due to modiﬁed nucleotides are
a recurrent observation made in several systems [recent
examples in (6,49)] exceptions showing opposite effects are
noted [e.g. (45,46)].
Early genetic approaches were aimed at analyzing the ﬁt-
ness of mutant bacteria containing genes for non-functional
modiﬁcation enzymes. Thus, in bacteria devoid of one
single modiﬁcation activity at a time, a number of activities
for nucleotide modiﬁcation were found to be non-essential,
with many of these showing weak or cryptic phenotypes
(52,71). The more obvious phenotypes were mostly attributed
to failures in codon recognition and frame shifting due to lack
of functional modiﬁcations at positions 34 and 37 in the
anticodon loop [reviewed in (54,72)].
The low apparent impact is in sharp contrast with the fact
that about 1% of the E.coli genome is involved in post-
transcriptional base modiﬁcation (72), with estimates in
yeast being similar (73). Only lately have more severe phe-
notypes of core modiﬁcations been described (74–76). One
might conclude that the ubiquitous tRNAs are so heavily used,
that stabilization against degradation by modiﬁcation
outweighs the effort of upregulated de novo synthesis. This
consideration applies regardless of the mechanism by which
modiﬁcations produce metabolic stability and would be
consistent with tRNA being the most heavily modiﬁed of
all RNAs, even if ‘functional’ anticodon modiﬁcations are
omitted from the above discussion.
tRNA tertiary structure and reinforcement
The structure of yeast tRNA
Phe contains an acceptor domain
composed of the acceptor stem, D-arm and D-loop, and an
anticodon domain, composed of T-stem, T-loop, anticodon
stem and anticodon loop. The 3D L-shaped structure, as
known from X-ray crystallography, is stabilized by tertiary
interactions, which are indicated by dotted lines in
Figure 2A and B. These features, which are common to almost
all cytosolic and some mitochondrial tRNAs, are mediated by
a set of conserved and semi-conserved residues shown in
Figure 2B. Various studies report that the tertiary interactions
between the D-loop and the T-loop are the ﬁrst to unravel upon
heating, and that the ﬁrst domain to unfold is the D-domain
[e.g. (77,78)]. Modiﬁed nucleotides in the core of the tRNA,
which would be addressed as ‘structural’, stabilize the entire
tRNA structure, and do so at least in part by reinforcing these
tertiary interactions. Thus, tRNA
Met from E.coli lacking T54
displayed decreased thermal stability in NMR experiments
(60). A reinforcement of interactions of D- and T-domains
was lately demonstrated by Nobles et al. (79) to be effected
by modiﬁed bases m
5C49, T54 and Y55 in the 30half of yeast
tRNA
Phe. These modiﬁcations, which are frequently found
in many other tRNAs, are effected by enzymes which
recognize tRNA substructures, e.g. the T-stem and loop,
even when the rest of the substrate is disordered (40,80–
82). As opposed to these enzymes, which correspond to
class I modiﬁcation enzymes in the categorization proposed
by Grosjean et al. (40), enzymes requiring an intact tRNA
architecture for substrate recognition belong to class II.
Using microinjection of yeast tRNA
Tyr precursors into Xeno-
pus oocytes, it was demonstrated that the typical class I type
modiﬁcations m
1A58, T54, Y55 and m
5C49 occur on sub-
strates containing intron and 50leader sequences before any
modiﬁcation in the D-loop or stem take place (83,84). Only
after intron removal were modiﬁcations at positions 34 and 37
produced.
There may be a general order of modiﬁcation events in
classical tRNA transcripts, where the D-domain is initially
not well structured and the ﬁrst modiﬁcations only occur in
the adequately structured T-domain. These modiﬁcations
may then aid in the structuring of the D-domain and enable
its subsequent modiﬁcation (Figure 2C). The fact that many
enzymes effecting modiﬁcation in the D-domain, for example
m
2G10 or m
2
2G26, act on otherwise unmodiﬁed transcripts
in vitro (85,86) might be perceived as a certain contradiction.
However, in vitro conditions frequently include high concen-
trations of magnesium ions, which, by being elevated by as
much as an order of magnitude, may emulate the effect of base
modiﬁcation and thus stabilize the D-domain, as has been
discussed above. Also, the exact degree of structuring of
the D-domain in vivo is not known and is certain to vary
among tRNA species. Slight deviations from the hypothesis
presented in Figure 2C have been shown, e.g. in Pyrococcus
abyssi. Constantinesco et al. (87) have found some class I
characteristics of the tRNA:m
2
2G26 methyltransferase in the
formation of m
2G10. However, the same methyltransferase
behaves like a class II enzyme in the second methylation step
of the same nucleotide, leading to the formation of m
2
2G26.
Recently Urbonavicius et al. (88) have shown very similar
properties for the tRNA:m
2
2G10 methyltransferase from the
same organism. Signiﬁcantly, only the second methylation
step requires the presence of magnesium ions, presumably
to induce correct 3D substrate tRNA conformation.
In summary, it has gradually become clear that only very
few single modiﬁcations have an outstanding impact on the
structure of cytosolic elongator tRNAs. Rather, every single
modiﬁcation appears to contribute a certain measure of
Nucleic Acids Research, 2006, Vol. 34, No. 2 725structural stabilization, thereby improving functionality and
likely the lifetime of classical tRNA.
A cytosolic tRNA with deviations from the
classical pattern
Recently, Anderson et al. (74,75) have discovered by a
genetic approach an accelerated degradation of yeast initiator
tRNAI
Met which was unmodiﬁed at position A58. Methyla-
tion at N1-A58 does allow normal expression of the initiator
tRNA, while lack of methylation leads to a temperature-
sensitive, non viable phenotype, which may be rescued
through overexpression of the initiator tRNA. Importantly,
lack of m
1A58 in elongator tRNAs does not restrict either
their expression or their stability. Presumably due to its par-
ticular function, yeast initiator tRNA has a particular
sequence, deviating from the classic pattern in a number of
nucleotides which ensure proper classic folding. The ensuing
3Dstructure,asdeterminedbyX-ray crystallography(89),sets
it apart from all elongator tRNAs in yeast. As illustrated in
Figure 3A, patterns of tertiary interactions in the T-loop and
between T- and D-loop are altered. In particular, m
1A58 is
engaged in an interaction with A54, which strongly resembles
the corresponding interaction with T54 in elongator tRNAs. A
likely scenario implies a weakened or nonexistent A58–A54
interaction in the unmodiﬁed T-loop of the initiator tRNA as
compared to m
1A58-A54. Disruption of N1-A58 methylation
activity of the Trm6/Trm61 protein complex abolishes the
only class I modiﬁcation in the T-loop of this tRNA (75). It
is thus tempting to speculate that the reinforcement mechan-
ism of T-loop–D-loop interactions, as outlined above, might
break down as a consequence. This might give rise to a
non-functional tRNA structure, leading to tRNA degradation,
while methylation at N1-A58 would induce correct func-
tional structure, and thus promote escape from premature
degradation. The rather outstanding importance of m
1A58
would thus be explained by the lack of other class I modiﬁca-
tions, namely T54 and pseudouridine 55 in the T-loop of yeast
initiator tRNAI
Met.
This scenario implies the existence of a kind of structural
proofreading mechanism for tRNAs, which has indeed been
experimentally supported by the discovery of genetic interac-
tion between the TRM6/TRM61 genes coding for the N1-A58-
methyltransferase and genes coding for proteins of the nuclear
exosome and a poly(A)-polymerase. These ﬁndings by the
Anderson group (20) suggest a polyadenylation-dependent
pathway of degradation of tRNAs by the exosome. Indeed,
such a pathway has recently been characterized as structure-
dependent in yeast (90). A somewhat similar pathway might
exist in E.coli (91) although no proof of correlation to tRNA
nucleotide modiﬁcation has emerged yet.
A mitochondrial tRNA with classical aspects
Sequence and structure of animal mitochondrial (mt) tRNAs
are known for their deviations from the classical prototype
tRNAs. Several lines of evidence suggest that with the loss
of classical structure and the introduction of a bias in nucle-
otide composition (92),the role of modiﬁed nucleotides for the
maintenance of the L-shaped 3D tRNA structure increases in
mitochondrial tRNA as compared with the cytosolic counter-
parts. These structural effects can reach such importance that
certain mitochondrial tRNAs are entirely non-functional when
devoid of modiﬁed nucleotides. An impressive demonstration
A B
Figure 3. Slight deviations from the classical tRNA structure. (A) Secondary structure of initiator tRNAI
Met from yeast. Modified nucleotides are in bold. Tertiary
interactions are indicated by dotted lines. Note the absence of T54 and Y55 and the additional tertiary interactions between the A20 and the T-loop as compared to
tRNA
Phe.R denotesa purineatposition59oftRNAI
Metforwhich sequencedata inthe literaturearecontradictory(96,89).(B) HumanmitochondrialtRNA
Leu(UUR).
ThesecondarystructureofthenativetRNAincludingallmodifiedbasesisshownontheleft.Modifiednucleotidesareinboldandtertiaryinteractionsareindicated
bydottedlines.Theloosestructureoftheanticodondomainoftheunmodifiedtranscript(98)isshownontheright.Modifiednucleotidesareabbreviatedaccordingto
references (96,122).
726 Nucleic Acids Research, 2006, Vol. 34, No. 2of the differential susceptibility of cytosolic and mitochondrial
tRNAs to lack of nucleotide modiﬁcation has recently been
published. A missense mutation in the human gene for
pseudouridin synthase 1 (PUS1) ablates formation of
pseudouridines at positions 27 and 28 (and probably others)
in cytosolic as well as in mitochondrial tRNAs (93,94). While
cytosolic protein synthesis is largely intact, the lack of modi-
ﬁcation in mitochondrial tRNAs causes the mitochondrial pro-
tein synthesis to stall and results in a human mitochondrial
myopathy.
Human mitochondrial tRNA
Leu(UUR) is one of the most
investigated mitochondrial tRNAs, because of its involvement
in the pathogenesis of a number of mitochondrial diseases
(95). This tRNA is actually the one with the most classic
attributes in animal mitochondrial genomes (Figure 3B). A
sequence alignment of 30 mammalian mitochondrial
tRNA
Leu(UUR) shows the conservation of all major tertiary
interactions known from tRNA
Phe and other classical
tRNAs (92). Also, mt tRNA
Leu(UUR) contains one of the high-
est numbers of modiﬁed nucleotides found in any animal
mitochondrial tRNA so far (96), among them eight structural
modiﬁcations (m
1G9, m
2G10, D20, Y27, m
5C48, T54, Y55
and m
1A58) assumed to reinforce tertiary interactions.
Because of its involvement in mitochondrial myopathies,
the structural and functional properties of tRNA
Leu(UUR)
have been studied by several groups (97–101). Owing to
the unavailability of native material, especially such carrying
pathogenic points mutations, all studies have been carried out
using RNAs which were synthesized by transcription in vitro
and thus devoid of modiﬁed nucleotides. Transcripts were
found to be aminoacylatable with preparations of pure recom-
binant mitochondrial leucyl-tRNA synthetase, but the struc-
ture was found to be ill deﬁned (98). While the acceptor
domain behaved as the expected in structural probing experi-
ments,the anticodondomainwas foundtobehighly accessible
to several modifying agents and nucleases (98) (Figure 3B).
The factthatthe anticodon-domainisgenerallylessstablethan
the acceptor domain has already been mentioned and applies
to mt tRNA
Leu(UUR) to a degree that is higher than usual. The
apparent looseness of this anticodon domain is in keeping with
the low structural stability of animal mt tRNA transcripts in
general. In accordance with the reinforcement mechanism
hypothesis displayed in Figure 2C, in vitro modiﬁcation
assays of tRNA
Leu(UUR) transcripts with mitochondrial protein
extracts show preferential modiﬁcation by class I enzymes in
the acceptor domain. As opposed to the transcript, the modi-
ﬁed native tRNA forms a well-deﬁned structure in the anti-
codon domain as well [(102); M. Helm, unpublished data].
The Kelley laboratory has studied the tendency of unmodi-
ﬁed transcripts of human mt tRNA
Leu(UUR) to dimerize in vitro
(103,104). Dimerization is observed upon introduction of a
mutation at position 3243 of the human mitochondrial gen-
ome, one of the most frequent pathogenic mutations and com-
monly known as the MELAS mutation. This mutation causes
an A!G transition in the middle of a stretch of nucleotides
identiﬁed by the authors as a self-complementary dimerization
interface. The experimentally determined Kd of 150 ± 30 nM
is in a range that might well allow such dimerization to occur
in vivo. Interestingly, the dimerization interface is located in
the D-domain, in proximity to two methylated guanosines,
m
1G9 and m
2G10 and a dihydrouridine at position 20, of
which m
2G10, was indeed reported to be affected by the
very MELAS mutation investigated (23). These modiﬁcations
can be expected to have a stabilizing inﬂuence on the tertiary
structure of monomeric tRNA and might thus affect
dimerization. Inversely, dimerized transcripts might escape
modiﬁcation and thus account for lowered steady-state levels
or processing artifacts attributed to the MELAS mutation at
3243 (95).
Alternative secondary structures in tRNAs
A number of tRNA sequences are known (96) which cannot
be unambiguously ﬁtted into the standard cloverleaf pattern
shown in Figure 2B, raising the question how their structures
can be recognized by the many components in the protein
biosynthesis machinery. Based on computer simulations
(105) different structural organization patterns have been
identiﬁed that allow maintenance of the overall L-shape des-
pite the apparent incompatibility. In these alternative foldings,
helices which are shortened or extended by one or two base
pairs are compensated for by corresponding changes in the
second helix of the respective domain. The number of base
pairs in each domain thus remains constant, and the different
spatial orientation of closing base pairs in the helices is com-
pensated for by changes in the length of the connector regions
formed by nucleotides 8–9, 26 and the variable loop in
classical tRNA (compare Figure 2B). Screening tRNA
sequences, Steinberg and Cedergren (21) have found a cor-
relation between the presence of m
2
2G and alternative tRNA
foldings. They proposed that m
2
2G might prevent misfolding of
tRNA by prohibiting the formation of m
2
2G-C base pairs, as
shown in Figure 4. Interestingly, m
2
2G-U base pairs would still
be allowed. Although these calculations lack experimental
veriﬁcation, they may be regarded as the ﬁrst prototype of
a rearrangement of secondary structure induced by a single
modiﬁed nucleotide.
Transfer RNAs from animal mitochondria are known for
their strong deviations from the standard secondary structure
pattern, which sometimes include the substitution of an entire
D-or T-domain with short replacement loops. A survey in
mammalian mitochondria has evidenced the loss of the clas-
sical T-loop structure in the majority of tRNA species (92).
Concomitant with the loss of the structural signature of the
T-arm, which presented an important recognition signal for
several class I modiﬁcation enzymes, the corresponding
modiﬁcations in the acceptor domain are also considerably
less abundant (96). It is thus clear that folding and structure
formation must rely on different pathways and principles than
in classical tRNAs. The animal mitochondrial tRNA
Leu(UUR)
with all its attributes of a classical tRNA is thus rather an
exception among mitochondrial tRNAs.
Human mt tRNA
Lys is an example of a tRNA having lost all
recognizable D-loop/T-loop interactions. Its sequence is
altogether poorly conserved (92). An in vitro transcript of
the corresponding tRNA gene adopts an extended hairpin
structure rather than a cloverleaf, as has been determined
by structural probing (Figure 5). The native tRNA
Lys isolated
from human mitochondria contains ﬁve types of base modi-
ﬁcations in six positions and does fold into the expected
cloverleaf, illustrating that the secondary structure and the
ensuing 3D shape depend strongly on the presence of modiﬁed
Nucleic Acids Research, 2006, Vol. 34, No. 2 727Figure 4. RearrangementsonthesecondarystructurelevelinducedbydoublemethylationofhumancytosolictRNA
Asn.Thecalculatedstructureoftheunmodified
transcript on the left side features an aberrant D-stem without G10, but including G26. Double methylation on N6 of G26 impedes its Watson–Crick pairing with
cytidines and thus renders the base pair G26-C11, which is highlighted by a box, impossible. The fully modified tRNA
Asn may thus adopt the classical cloverleaf
structure as shown on the right. U? denotes an unknown modified uridine, likely a derivative of ribothymidine, at position 54.
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Figure 5. Methylation-induced rearrangement of human mitochondrial tRNA
Lys.( A) Cloverleaf secondary structure of the fully modified human mitochondrial
tRNA
Lys.( B) The extended hairpin secondary structure of the unmodified transcript of human mitochondrial tRNA
Lys (left) is converted to the cloverleaf by
methylation on N1-A9, as evidenced in a chimeric tRNA containing m
1A9 as single modified nucleotide (right). The methylation prevents an A9-U64 base pair
(boxed) in the extended hairpin structure on the left. Modified nucleotides in bold are abbreviated according to references (96,122).
728 Nucleic Acids Research, 2006, Vol. 34, No. 2nucleotides (22). A closer inspection of the unusual structure
of the transcript revealed an extension of the normally 7 bp
long acceptor stem by three additional base pairs, which are
incompatible with the presence of an m
1A at position 9 in the
native tRNA. Nitrogen 1 in adenosines is involved in standard
Watson–Crick pairing, but blocked by a methyl group in m
1A.
A chimeric tRNA
Lys with m
1A9 as sole modiﬁed nucleotide
did indeed adopt the expected cloverleaf folding (35). While
the cloverleaf shape was readily aminoacylated, the extended
hairpin structure was inactive in aminoacylation experiments
in vitro (106). Analysis of post-transcriptional modiﬁcation
events in vitro indicated that further introduction of m
2Ga t
position 10 and pseudouridines at positions 27 and 28
depended strongly on the cloverleaf structure and thus on
previous synthesis of m
1A at position 9 (102). Thus, a post-
transcriptional modiﬁcation by a single methyl group controls
biological function by means of controlling a structural
rearrangement. While an analysis of mechanistic aspects of
the modiﬁcation process (13,107) would go beyond the scope
of this review, it is clear that the insights coming from such
studies might consolidate kinetic and thermodynamic aspects
of alternative RNA structures and thus be of high interest. The
above example impressively illustrates how a single methyl
group can bring about a conformational rearrangement by
breaking one single Watson–Crick base pair. Such a base
pair contributes roughly 12 kJ/mol to the free Gibbs energy,
and its neutralization may thus bring about a large change in
the equilibriumconstant K.Itistemptingtospeculate thatsuch
a mechanism may be used for regulation of activity and sta-
bility of the respective tRNA. The recent evidence of involve-
ment of tRNA modiﬁcation in a structure-speciﬁc degradation
pathway (20,90) might indeed be indicative of a more general
and widespread mechanism for tRNA maintenance, which has
thus far gone unnoticed. As is typical for animal mitochondrial
tRNAs, mt tRNA
Lys carries relatively few modiﬁed nucle-
otides, compared to its cytosolic counterpart (96). As already
suggested by the differential impact of defective PUS1 (93,94)
onmitochondrialandcytosolic tRNAs,the relative importance
of a single modiﬁcation may be much bigger in mitochondrial
tRNAs. Similar importance of nucleotide modiﬁcation in
mitochondrial tRNAs is indeed suggested by the fact that
unmodiﬁed transcripts are mostly poor substrates for their
cognate synthetases (97,108–110). That a strong impact of
asinglemodiﬁcationonsecondarystructurehasbeenobserved
in a mitochondrial tRNA rather than in a cytosolic one is,
therefore, probably not a coincidence, even though the clarity
of it might have been a stroke of luck.
Other RNAs
Pseudouridine is a ubiquitous and abundant modiﬁed nucle-
otide which was found to improve RNA stability in a number
of cases including rRNA from the small ribosomal subunit
(111,112). In eukaryotic U2 snRNA, the extra hydrogen
bond of a conserved pseudouridine signiﬁcantly alters the
branch-site architecture, with important consequences for
splicing activity. A dynamic equilibrium of a nonfunctional
conformation, in which the adenosine 24 is stacked within a
helix, and a functional extrahelical conformation of the same
adenosine is thought to occur in the unmodiﬁed snRNA. The
pseudouridine lowers the free Gibbs energy enough to shift the
equilibrium towards the functional extrahelical conformation
(113,114). Ribosomal RNA, especially in eukaryotes, contains
many modiﬁed bases, although its large size depresses the
overall ratio to unmodiﬁed bases. The large majority of the
nucleotide modiﬁcations consistsof pseudouridines and 20-OH
ribose methylations. The process of modiﬁcation and the
modiﬁcation enzymes themselves are involved in the complic-
ated and highly coordinated process of rRNA processing and
assembly in the nucleolus, including post-transcriptional
modiﬁcations involved in regulatory processes (115). Since
rRNA exists and functions as a ribonucleoprotein (RNP), the
situation becomes both simpler and more complicated than in
tRNA. It becomes simpler for the RNA to adopt its functional
structure, because permanent association to a protein with
potential for ‘structure induction’ and/or ‘structure capture’
(13) provides a multitude of pathways to overcome the RNA
folding problem without the need for nucleotide modiﬁcation.
However, for the scientist it is challenging to investigate and
deﬁne a native and functional RNA structure, because by
deﬁnition the naked RNA of an RNP cannot adopt it. A num-
ber of modiﬁed nucleotides in rRNA stand out, because they
are highly conserved and neither pseudouridines nor ribose
methylations. A possible role of such particular nucleotide
modiﬁcations has been hinted at by the Micura laboratory.
A highly conserved stem–loop structure in helix 45 of the
small ribosomal subunit, with an equally high conserved
methylation pattern m
6
2A–m
6
2A situated in a tetraloop was
investigated (24,116). These four base methylations are
effected by a single enzyme and are accompanied by other
base methylations in some species [reviewed in (115)].
Ho ¨bartner et al. (24) could show the potential of these
methylations to shift a dynamic equilibrium of alternative
structures towards the biologically active tetraloop structure,
as illustrated in Figure 6. Using several short oligoribonuc-
leotides derived from the stem–loop structure, thermodynamic
parameters were determined by NMR and UV-melting experi-
ments These investigations were based on insights from a
groundwork study on conformation space restriction by nat-
urally occurring base methylations (24,36,117). Several
groups have recently shown the potential of base modiﬁcations
in problems of fundamental research. Using custom-made
modiﬁcations they were able to release a previously restricted
RNA conformation into an extended conformation space by
chemical (118) or photochemical (119) removal of the modi-
ﬁcation in situ. Such applications are extremely useful for
studying RNA rearrangements (116).
CONCLUSION AND OUTLOOK
Because of the extensive literature available on RNA nucle-
otide modiﬁcation, this review has focused on such cases
where signiﬁcant structural changes of RNA conformation
were observed as a consequence of nucleotide modiﬁcation.
It is important to understand the impact of nucleotide modi-
ﬁcation on RNA structure, since structure mediates all RNA
function. This underscores once more the artiﬁcial character of
the distinction between ‘functional’ and ‘structural’ modiﬁca-
tions. These terms had initially been deﬁned in this review in
order to separate functional effects, mediated by direct contact
of modiﬁed nucleotides with other molecules, from effects
Nucleic Acids Research, 2006, Vol. 34, No. 2 729mediated by modiﬁcation-induced conformational changes.
As has become obvious, most evidence for a role of nucleotide
modiﬁcation in RNA folding has come from studies of tRNA,
which maintain their structure without the help of proteins.
Evidence is accumulating that thermodynamic and metabolic
stabilization of classical tRNA is performed by the ensemble
of ‘structural’ modiﬁcations, but that the effect of any single
modiﬁcation is not critical. This is in agreement with the fact
that critical importance of single modiﬁcations have so far
only been documented for tRNAs which deviate at least to
some extent from the classical pattern shown in Figure 2B.
One of these, initiator tRNAI
Met from yeast, has opened a
new area of research, which is likely to show that expression
and stability of tRNA may be more strictly controlled by
modiﬁcation events than hitherto assumed. Transfer RNAs,
as the most heavily modiﬁed RNAs, thus still have a lot of
secrets left to be discovered, while the structural impact of
nucleotide modiﬁcation in other RNAs is only starting to
unveil.
The example of rRNA (116) illustrates well the problems
one has to face when trying to investigate a modiﬁcation-
induced structural rearrangement in a large RNA, which actu-
ally has little physiological relevance when devoid of proteins.
The X-ray structures of the ribosomal subunits have indeed
revealed that the role of ribosomal proteins is mainly one of
structural support for the RNA (67,120). One might thus
speculate that nucleotide modiﬁcation as an ancient remedy
for RNA misfolding has been replaced to a certain degree by
proteins, especially in those RNAs which today function
as RNP.
At a time were small RNAs with new functions are
discovered on a daily basis, the recent discovery of the
involvement of pseudouridine formation in gene
regulation might represent the tip of an iceberg (19), and
post-transcriptional modiﬁcation may turn out to be a
factor of more general importance in gene expression than
hitherto assumed. And why should modiﬁcation-induced
structural rearrangement not be involved? Advances in
chemical synthesis of modiﬁed nucleotides and the rapidly
progressing identiﬁcation of enzymes involved in RNA
modiﬁcation will certainly lead to more detailed insights in
the near future.
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